






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ASB	 A	 No	 21	 Silverback	
AF1	 A	 No	 19	 Adult	female	
AF2	 A	 No	 40	 Adult	female	
AF3	 A	 Yes	 28	 Adult	female	
BSB	 B	 No	 26	 Silverback	
BBB	 B	 No	 10	 Blackback	
BF1	 B	 No	 33	 Adult	female	
















































































































































































































behaviour	 Others	 Social	 Ingestion	 Travel	 Inactivity	
Zoo	A	SR	 2.2	 0.1	 -5.1	 -11.2	 -1	 8.7	











behaviour	 Others	 Social	 Ingestion	 Travel	 Inactivity	
Adult	SR	 3.8	 -3.8	 -3.5	 -2.1	 -2.7	 4.8	































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Expression	 Chi-square	 df	 Sig.	
Posture*arboreality	 55.949	 1	 0	
Posture*behaviour	 49.802	 1	 0	
Arboreality	*behaviour	 6.724	 1	 0.01	
Expression	 Chi-square	 df	 Sig.	
Posture*behaviour	 100.747	 1	 0	
Posture*arboreality	 171.953	 1	 0	

















































e	 F1	 I	(100%)	 S	(66.7%)	 I	(62.5	%)	 S	(83.3%)	
F2	 I	(100%)	 S,	C	(50%	each)	 I,	C	and	S	
(33.3%	each)	
S	(100%)	
H1	 S	(100%)	 I	(100%)	 C	(50%)	 S	(75%)	




F1	 <4cm	(100%)	 >20cm	(83.3%)	 <4cm	(50%)	 >20cm	(66.7%)	
F2	 <4cm	(100%)	 >10cm	(50%)	 <10cm	(33.3%)	 >20cm	(100%)	











n	 F1	 H	(100%)	 H	(66.7%)	 H	(50%)	 H	(83.3%)	
F2	 H	(100%)	 H	(100%)	 H	(83.3%)	 H	(100%)	
H1	 H	(100%)	 A	(100%)	 H	(100%)	 H	(100%)	




Expression	 Chi-square	 df	 Sig.	
Arboreality*support	size	 9.252	 1	 0.002	






























Expression	 Chi-square	 df	 Sig.	
Zoo*support	orientation	 58.770	 1	 0	


































































































































































Posture	 Sit	 Count	 120	 5	 125	
	
SR	 1.9	 -3.9	
	Pronograde		 Count	 14	 36	 50	
	
SR	 -4.1	 8.4	
	Bipedalism	 Count	 21	 2	 23	
	
SR	 0.6	 -1.2	
	Orthograde		 Count	 33	 4	 37	
	
SR	 0.6	 -1.2	
	Locomotion	 Pronograde		 Count	 19	 8	 27	
	
SR	 -0.6	 1.2	
	Bipedalism		 Count	 30	 0	 30	
	
SR	 1.2	 -2.4	
	Vertical	climb	 Count	 54	 14	 68	
	
SR	 -0.1	 0.2	
	Vertical	descent	 Count	 61	 18	 79	
	
SR	 -0.3	 0.7	
	Others	 Count	 7	 0	 7	
	
SR	 0.6	 -1.2	


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Support	 LiDAR		 SketchUp		 Error	(%)	
D9	horizontal	log	 1.45m	from	ground	 1.34m	from	ground	 7.6	
D10	horizontal	log	 1.24m	from	ceiling	 0.7m	from	ceiling	 43.5	
D11	horizontal	log	 2.08m	from	ceiling	 1.88m	from	ceiling	 9.6	
D12	horizontal	log	 2.03m	from	ceiling	 1.88m	from	ceiling	 7.4	
D13	horizontal	log	 1.54m	from	ceiling	 1.38m	from	ceiling	 10.4	
D37	ledge	 1.42m	from	ground	 1.41m	from	ground	 0.70	
Diameter	
D10	horizontal	log	 0.06	 0.06	 0.0	
D11	horizontal	log	 0.103	 0.077	 25.2	
D13	horizontal	log	 0.08	 0.07	 	12.5	
Length	
D19	vertical	rope	 0.904	 1.18	 30.5	
D22	vertical	rope	 1.95	 2.2	 12.8	
D24	vertical	rope	 1.49	 1.69	 13.4	
















































































































































Locomotor	Mode	 %	 Locomotor	Mode	(continued)	 %	
Brachiate	 24.7	 Pronograde	suspension		 0.6	
Unimanual	swing	across		 18.7	 Pull	up	 0.6	
Bipedal	walk	 8.5	 Bimanual	swing	down		 0.6	
Bimanual	swing	across		 7.1	 Lunge	 0.4	
Brachiating	richochetal	 5.8	 Brachiating	leap		 0.4	
Bimanual	pull-up		 4.8	 Unimanual	pull	up		 0.2	
Leap		 3.5	 Bipedal	leap	up		 0.2	
Drop		 3.1	 	 	
Vertical	scramble		 3.1	 	 	
Orthograde	transfer	 2.7	 	 	
Shuffle	 2.1	 	 	
Orthograde	suspension		 1.9	 Posture	 %	
Unimanual	swing	up		 1.9	 Sit		 66.2	
Unimanual	swing	down		 1.5	 Orthograde	suspension		 23.8	
Bipedal	squat	walk		 1.2	 Assisted	bipedal	stand	 3	
Ladder	climb	 1.2	 Pronograde	suspension		 2.6	
X	Swing		 1	 Bipedal	stand		 2.2	
Vertical	climb		 0.8	 Forelimb-suspend/sit	-	orthograde	 1.3	
Bi	run	 0.8	 Orthograde	suspension		 0.4	
Bridge	 0.8	 Forelimb-suspend/squat	-	orthograde		 0.4	
Bimanual	forelimb	swing	up		 0.8	 Sit		 66.2	
















































































































































































































Locomotor	mode	 Initial	support	 %	 Terminal	support	 %	
Brachiation	
Outside	mesh	 52.3	 Outside	mesh	 44.1	
D15	horizontal	log	 6.5	 D15	horizontal	log	 4.5	
C9	horizontal	log	 3.2	 D22	vertical	rope	 4	
D27	vertical	rope	 3.2	 C15	horizontal	log	 3.4	
D38	vertical	rope	 3.2	 C16	horizontal	log	 3.4	
C41	vertical	rope	 2.6	 D27	vertical	rope	 3.4	
D8	horizontal	log	 2.6	 D30	vertical	rope	 3.4	
D22	vertical	rope	 2.6	 C1	corner	ledge	 2.8	
D29	vertical	rope	 2.6	 C32	vertical	rope	 2.8	
D30	vertical	rope	 2.6	 D17	horizontal	log	 2.8	
Unimanual	swing	
across	
Outside	mesh	 11.5	 Outside	mesh	 16.3	
D22	vertical	rope	 9.9	 D11	horizontal	log	 7.1	
C10	horizontal	log	 7.6	 D22	vertical	rope	 6.3	
D30	vertical	rope	 7.6	 C8	horizontal	log	 5.4	
C9	horizontal	log	 6.1	 D37	Ledge	 5.4	
D21	vertical	rope	 6.1	 C29	horizontal	rope	 5	
C8	horizontal	log	 5.3	 D7	horizontal	log	 4.6	
C32	vertical	rope	 4.6	 C9	horizontal	log	 4.2	
D17	horizontal	log	 3.8	 C10	horizontal	log	 4.2	
C29	horizontal	rope	 3.1	 D38	vertical	rope	 3.8	
Bimanual	swing	
across	
Outside	mesh	 21.8	 Outside	mesh	 23.7	
D22	vertical	rope	 17.9	 C9	horizontal	log	 8.6	
C32	vertical	rope	 11.5	 C32	vertical	rope	 6.5	
C33	vertical	rope	 7.7	 C33	vertical	rope	 5.4	
D30	vertical	rope	 7.7	 D8	horizontal	log	 5.4	
C31	vertical	rope	 6.4	 D7	horizontal	log	 4.3	
C42	vertical	rope	 3.8	 D10	horizontal	log	 4.3	
C1	corner	ledge	 2.6	 D11	horizontal	log	 4.3	
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C27	vertical	rope	 2.6	 D22	vertical	rope	 4.3	
C28	vertical	rope	 2.6	 C2	corner	ledge	 3.2	
Richochetal	
brachiation	
D11	horizontal	log	 25	 D11	horizontal	log	 15	
D22	vertical	rope	 11.1	 C32	vertical	rope	 10	
Outside	mesh	 11.1	 D27	vertical	rope	 10	
D12	horizontal	log		 8.3	 D30	vertical	rope	 10	
D15	horizontal	log	 8.3	 C23	horizontal	log	 7.5	
D28:	vertical	rope	 8.3	 D12:	horizontal	log	 7.5	
C11:	horizontal	log	 5.6	 D15:	horizontal	log	 7.5	
C8:	horizontal	log	 2.8	 Outside	mesh	 7.5	
C9:	horizontal	log	 2.8	 	 	
Bipedal	walk	
C44	Floor	 40	 C44	Floor	 60	
C9	horizontal	log	 20	 C32	vertical	rope	 20	
C11	horizontal	log	 20	 C9	horizontal	log	 10	























Sit	 %	 Orthograde	suspension	 %	
C44	Floor	 19.9	 Outside	mesh	 43.2	
C45	Shelf	 8.7	 C33	Rope	-	vertical	 5.2	
Outside	mesh	 8.7	 D38	Rope	-	vertical	 5.2	
D11	horizontal	log	 7.6	 C31	Rope	-	vertical	 4.5	
D1	Corner	ledge	 7	 C10	Log	-	horizontal	 3.9	
D8	horizontal	log	 5.2	 D22	Rope	-	vertical	 3.9	
C1	Corner	ledge	 4.9	 C45:	Shelf	 3.9	
C8	horizontal	log	 3.8	 C46	Rope	-	vertical	 3.2	
D7	horizontal	log	 3.8	 D21	Rope	-	vertical	 3.2	
D22	vertical	rope	 3.4	 D27	Rope	-	vertical	 3.2	
	
5.3.7	Summary	of	key	findings	
• Overall,	in	both	initial	and	terminal	support	areas	of	C	and	D,	the	most	
frequently	used	areas	were	near	the	indoor	enclosure	and	the	opening	
between	parts	C	and	D	
• “Travel”	(63.5%)	dominated	the	behaviour	profile,	followed	by	“inactivity”	
(19.9%)	and	“feed	&	forage”	(9.5%)	
• The	most	commonly	used	locomotor	modes	were	“brachiate”	(24.7%),	
“unimanual	swing	across”	(18.7%),	“bimanual	swing	across”	(7.1%),	
“brachiating	richochetal”	(5.8%)	and	“bipedal	walk”	(5%)	
• The	most	commonly	used	postures	were	“sit”	(66.2%),	“orthograde	
suspension”	(23.8%)	and	“assisted	bipedal	stand”	(3%)	
• Average	support	availability	of	top	five	“feed	&	forage”	areas	was	0.84m-1	
whereas	that	of	the	least	five	was	0.11m-1	
• Average	support	availability	of	the	top	five	areas	for	“inactivity”	was	1.94m-1	
whereas	that	of	the	least	five	was	0.95m-1	
• Average	support	availability	for	the	top	five	“travel”	areas	was	1.29m-1,	
whereas	that	of	the	five	least	was	0.85m-1	
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• Initial	and	terminal	supports	for	“brachiation”	were	evenly	spread	out	along	
D	but	in	C,	initial	supports	were	found	at	either	end	of	the	enclosure	and	
terminal	supports	distributed	along	the	half	nearer	the	indoor	enclosure	
• Initial	and	terminal	supports	for	“richochetal	brachiation”	in	D	of	the	
enclosure	were	distributed	evenly	along	the	middle,	but	in	C,	initial	supports	
were	concentrated	near	the	opening	between	parts	C	and	D,	and	terminal	
supports	were	distributed	at	either	end	of	the	enclosure	
• Initial	and	terminal	supports	for	“bipedal	walk”	were	both	concentrated	
near	the	opening	between	parts	C	and	D	of	the	enclosure		
	
5.4	Discussion	
	
5.4.1	Factors	influencing	enclosure	usage	for	“travel”,	“feed	&	forage”	and	
“inactivity”	
	When	interpreting	the	results,	it	must	be	noted	that	as	data	was	collected	as	
events	(does	not	reflect	time	spent	on	the	activity),	the	data	here	does	not	
represent	an	activity	budget,	but	rather	reflects	frequencies	of	occurrence	of	each	
behaviour	type.	Implications	for	this	include	resting	behaviours	being	under-
represented	and	feeding	and/or	travel	behaviours	being	over-represented	in	terms	
of	time	spent	on	a	behavioural	type.	However	for	the	purposes	of	this	
methodological	study,	events	are	sufficient.		
	
Support	density	played	an	important	role	in	enclosure	usage	for	“travel”,	“feed	&	
forage”	and	“inactivity”,	as	support	density	was	always	higher	in	the	most	
commonly	used	areas	those	behaviours.	However	support	density	was	not	the	only	
factor	in	determining	enclosure	usage.		
	
That	“travel”	occurred	mostly	near	the	opening,	can	be	explained	by	other	factors	
besides	support	density.	For	example,	the	intension	to	travel	between	parts	C	and	D,	
and	the	only	way	being	that	opening,	is	likely	to	be	a	contributing	factor.	To	find	out	
whether	support	density	or	intention	is	more	important,	one	would	need	to	provide	
another	opening	with	a	lower	support	density	and	see	if	the	siamangs	used	the	
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other	opening	equally	or	more.	It	should	also	be	noted	that	in	the	areas	used	mostly	
for	“travel”,	majority	of	the	supports	used	were	horizontal,	despite	the	fact	that	
vertical	supports	were	also	available	within	the	areas.	This	indicates	that	the	
provision	of	horizontal	supports	is	important	in	encouraging	enclosure	usage	for	
“travel”.	
	
Besides	support	density,	enclosure	usage	for	“inactivity”	is	also	influenced	by	
several	factors.	“Inactivity”	occurred	frequently	not	only	near	the	opening	between	
C	and	D,	but	also	at	CC1b,	CC7d	and	CC8d,	where	shelves	are	present.	“Inactivity”	
involves	being	stationary	and	was	dominated	by	postures	such	as	sitting	or	
orthograde	suspension.	These	shelves,	along	with	the	horizontal	logs	D11	and	D8	
serve	as	large	horizontal	supports	for	sitting.	Orthograde	suspension	can	occur	on	
both	horizontal	or	vertical	supports,	and	is	proven	by	the	use	of	both	vertical	(D22	
rope)	and	horizontal	(D11	and	D8	logs)	supports.	However	as	the	electivity	indexes	
for	the	horizontal	supports	were	much	higher	(D8:	0.44,	D11:	0.5	and	0.36)	as	
compared	to	the	vertical	supports	in	the	corresponding	areas	(D21,	D3,	D22,	D40	
and	D4	were	-0.4,	-1,	-0.06,	-1	and	-1	respectively),	this	indicates	that	horizontal	
supports	are	preferred	and	would	likely	encourage	sitting/orthograde	suspension.		
Therefore	besides	support	density,	support	orientation	and	type	also	play	
important	roles	in	enclosure	usage	for	“inactivity”.	
	
Similarly,	“feed	&	forage”	occurred	mostly	at	areas	with	a	higher	support	density,	
but	not	near	the	opening	between	C	and	D,	indicating	that	support	density	is	not	
the	only	factor	that	influences	enclosure	usage.	“Feed	&	forage”	occurred	most	
frequently	on	C45	shelf,	C8	horizontal	log	and	on	the	ground	near	C45	shelf.	It	was	
observed	that	the	siamangs	were	often	fed	near	or	on	C45	shelf,	or	were	eating	the	
grass	on	the	ground	in	those	areas.	This	likely	explains	why	“feed	&	forage”	
occurred	near	the	ground	and	in	those	areas	near	C45	shelf.	Within	the	areas	used	
most	commonly	for	“feed	&	forage”,	horizontal	supports	(C45	shelf	and	C8	
horizontal	log)	were	preferred	over	vertical	supports,	as	indicated	by	the	higher	
electivity	indexes	in	horizontal	supports.	Therefore	for	“feed	&	forage”,	the	primary	
factor	that	influences	enclosure	usage	for	“feed	&	forage”	was	where	they	were	fed,	
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and	the	secondary	factors	were	support	density	and	presence	of	horizontal	
supports	within	the	areas	that	they	were	fed.	
	
5.4.2	Enclosure	usage	during	“brachiation”,	“unimanual	swing	across”,	“bimanual	
swing	across”,	“richochetal	brachiation”	and	“bipedal	walk”	
As	mentioned	earlier,	when	interpreting	the	results,	it	is	important	to	bear	in	mind	
that	data	here	was	collected	as	events	(does	not	reflect	distance	covered).	Hence	
the	data	only	reflects	frequencies	of	occurrence	of	each	locomotor	mode.	An	
implication	of	this	would	be	that	the	key	locomotor	modes	for	travel	would	be	
under-represented.	However	for	the	purposes	of	this	methodological	study,	events	
are	sufficient.	
	
One	interesting	observation	during	“brachiation”	was	the	difference	in	support	
usage	distribution	between	C	and	D	-	initial	supports	at	C	were	found	at	either	ends	
of	the	enclosure	and	terminal	supports	were	evenly	distributed	along	the	half	
nearer	the	indoor	enclosure,	whereas	initial	and	terminal	supports	were	evenly	
distributed	along	D.	This	suggests	that	in	C,	“brachiation”	often	started	at	either	end	
and	finished	at	the	half	nearer	the	indoor	enclosure,	whereas	in	D,	“brachiation”	
started	and	finished	throughout	the	enclosure.	This	can	be	explained	by	the	
absence	of	supports	(vertical	and	horizontal)	near	the	middle	of	C	(Figure	5.	22)	at	
the	height	where	most	preferred	“brachiation”	supports	were	found	elsewhere	in	
the	enclosure	(above	~2.5m).	That	out	of	the	most	frequently	used	supports	during	
“brachiation”,	three	out	of	ten	initial	supports	(including	the	outside	mesh	as	
horizontal)	were	horizontal,	as	compared	to	five	out	of	ten	terminal	supports,	
suggests	that	siamangs	prefer	landing	on	horizontal	supports	after	each	arm	swing.	
This	is	backed	up	by	the	fact	that	overall	the	excess	of	horizontal	supports	as	
compared	to	vertical	supports	increased	from	12%	to	16.6%	in	terminal	supports.	
This	is	likely	to	be	attributed	to	the	fact	that	horizontal	supports	provide	more	
stability	for	landing.	The	use	of	more	vertical	supports	as	initial	supports	could	be	a	
result	of	transitioning	from	a	different	positional	mode	to”	brachiation”,	and	the	
less	need	for	stability	at	the	start	of	“brachiation”.	Evenly	distributed	horizontal	logs	
at	the	appropriate	height	should	be	provided	to	encourage	brachiation	throughout	
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the	enclosure,	as	brachiation	is	a	key	locomotor	mode	used	by	siamangs	both	in	the	
wild	(Fleagle	1976)	and	in	captivity	(24.7%;	this	study).	
	
Figure	5.	22	Part	C	of	enclosure.	Black	oval	indicates	where	there	is	an	absence	of	
supports.	
	
	
For	“unimanual	swing	across”,	the	most	frequently	used	initial	and	terminal	
supports	were	found	in	similar	areas	to	each	other	in	both	C	and	D.	This	can	be	
explained	by	the	fact	that	the	distance	of	a	bout	of	“unimanual	swing	across”	is	
limited	by	arm	length	(if	the	support	is	immobile),	and	by	the	arm	length	and	
support	length	(if	support	is	mobile).	Hence	the	start	and	end	position	of	each	bout,	
and	subsequently	the	initial	and	terminal	support,	are	often	found	in	close	
proximity	to	each	other.	It	was	observed	that	the	siamangs	would	frequently	
“unimanual	swing	across”	C9,	C10	and	C8	horizontal	logs	interchangeably	or	one	
after	the	other.	This	provides	an	explanation	as	to	why	both	initial	and	terminal	
supports	consisted	mostly	of	these	supports	or	supports	nearby	in	C,	and	why	D37	
shelf	(which	is	nearby)	could	have	acted	as	a	terminal	support	after	a	“unimanual	
swing”	from	C9,	C8	or	C10.	Lastly,	support	orientation	likely	plays	an	important	role	
for	terminal	supports	during	“unimanual	swing	across”.	This	is	because	out	of	the	
most	frequently	used	supports,	eight	out	of	ten	terminal	supports	were	horizontal	
as	opposed	to	only	six	out	of	ten	initial	supports	being	horizontal.	Also,	overall	more	
vertical	initial	supports	were	used	than	horizontal	(5.8%),	as	opposed	to	more	
horizontal	terminal	supports	used	than	vertical	(38.8%).	It	is	possible	that	as	with	
“brachiation”,	landing	on	a	horizontal	support	at	the	end	of	a	bout	provides	more	
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stability.	Therefore	to	enable	“unimanual	wing	across”,	the	relative	distance	
between	mobile	immobile	supports	needs	to	be	sufficiently	close,	with	a	mixture	of	
both	horizontal	and	vertical	supports	present	in	close	proximity.		
	
The	siamangs	were	observed	to	use	“bipedal	walk”	often	on	C9	horizontal	log	after	
coming	through	the	opening	from	D	to	C.	It	is	therefore	likely	that	the	nearby	C32	
vertical	rope	and	C11	horizontal	log	were	used	by	the	forelimbs	for	balance	and	
assistance	while	walking	bipedally	on	C9.	A	bout	of	bipedal	walk	on	C9	would	then	
end	by	the	siamang	continuing	to	walk	bipedally	onto	C10	horizontal	log	or	
changing	positional	mode.	The	popularity	of	C9	horizontal	log	and	the	supports	
nearby	in	“bipedal	walk”	could	be	explained	by	the	combination	of	a	number	of	
factors:	1)	the	length	of	the	individual	C9	horizontal	log	and/or	the	combination	
with	another	C10	horizontal	log	increasing	the	length	available	for	continuous	
“bipedal	walk”,	2)	the	position	of	the	logs	near	the	opening	giving	the	siamangs	no	
other	choice	but	to	use	those	supports	to	get	to	the	rest	of	C	and	3)	the	presence	of	
nearby	supports	for	forelimb	assistance	during	“bipedal	walk”.	All	these	factors	
need	to	be	considered	to	encourage	safe	bipedal	walking	in	the	enclosure.	
	
The	siamangs	often	performed	“bimanual	swing	across”	by	grasping	a	vertical	rope	
with	both	hands	while	using	the	rope	to	swing	across	and	land	on	another	support	
with	their	feet.	Therefore	it	is	understandable	that	1)	eight	out	of	ten	of	the	most	
frequently	used	initial	supports	were	vertical	ropes,	and	seven	out	of	ten	terminal	
supports	were	horizontal,	and	2)	overall,	53.6%	more	vertical	initial	supports	were	
used	than	horizontal,	42%	more	horizontal	terminal	supports	were	used	than	
vertical.	D22	vertical	rope	was	used	so	frequently	(17.9%),	that	all	of	the	most	
commonly	used	terminal	supports	were	found	in	close	proximity	to	D22.	A	possible	
reason	why	D22	was	so	popular	for	an	initial	support	in	“bimanual	swing	across”	
could	be	the	combination	of	the	relatively	long	length	of	the	rope	and	the	
comfortable	proximity	of	four	horizontal	logs	that	were	not	too	near	or	far	from	the	
rope	(Figure	5.	18).	During	enclosure	design	it	is	important	that	the	relative	position	
of	horizontal	logs	to	a	vertical	rope	be	considered	to	allow	“bimanual	swing	across”	
to	be	displayed	around	the	enclosure.	
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For	“richochetal	brachiation”,	the	was	a	difference	in	support	usage	distribution	
between	C	and	D	-	initial	supports	in	C	were	found	near	the	opening	between	C	and	
D,	and	terminal	supports	at	either	end	of	the	enclosure,	whereas	initial	and	
terminal	supports	were	evenly	distributed	along	D.	Similar	to	“brachiation”,	this	can	
be	explained	again	by	the	absence	of	supports	(vertical	and	horizontal)	near	the	
middle	of	C	(Figure	5.	22)	at	the	height	where	most	preferred	“richochetal	
brachiation”	supports	occurs	(above	~2.5m).	However	in	“richochetal	brachiation”	
initial	support	orientation	was	more	important,	unlike	“brachiation”	where	terminal	
support	orientation	was	more	crucial.	Overall,	for	initial	supports	31.2%	more	
horizontal	supports	were	used	than	vertical,	however	for	terminal	supports,	
horizontal	and	vertical	supports	were	used	equally.	Also	out	of	the	most	frequently	
used	supports	during	“richochetal	brachiation”,	the	siamangs	used	more	horizontal	
initial	supports	(six	out	of	eight)	during	“richochetal	brachiation”,	as	opposed	to	
three	out	of	ten	in	“brachiation”.	This	difference	could	be	explained	by	the	need	for	
producing	a	much	stronger	propulsive	force	on	the	initial	support	to	create	the	
flight	phase	that	defines	and	differentiates	“richochetal	brachiation”	from	normal	
“brachiation”.	This	propulsive	force	can	be	generated	from	pushing	off	strong	
horizontal	logs.	Thus	the	provision	of	evenly	distributed	horizontal	strong	supports	
at	the	appropriate	height	can	encourage	“richochetal	brachiation”.	
	
5.4.3	Enclosure	usage	during	“sit”	and	“orthograde	suspension”	
“Sit”	occurred	mainly	on	horizontal	supports	such	as	the	floor,	logs	and	shelves.	As	
“sit”	is	used	mostly	during	“feed	&	forage”	or	“inactivity”	the	need	for	a	stable	
support	where	the	siamang	can	be	stationary	on	for	a	long	period	of	time,	can	be	
fulfilled	in	this	case	by	the	floor,	a	horizontal	log	or	shelf.	Thus	to	encourage	feeding	
at	a	certain	area,	shelves	could	be	put	in	place.	
	
“Orthograde	suspension”	was	displayed	evenly	along	C	and	D,	indicating	that	there	
were	sufficient	suitably	placed	supports	for	this	positional	mode.		Most	supports	
were	vertical	ropes,	apart	from	C45	shelf.	As	“orthograde	suspension”	involves	
hanging	from	supports	with	an	upright	body,	the	siamangs	were	often	seen	
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grasping	the	same	support	with	a	foot	and	a	hand	ipsilaterally,	with	the	other	hand	
and/or	foot	grasping	the	outside	mesh	or	another	support.	Hence	the	usage	of	
vertical	ropes	and	the	outside	mesh	in	“orthograde	suspension”.		A	likely	
explanation	for	C45	being	used	for	“orthograde	suspension”	would	be	that	the	
siamangs	were	observed	to	hang	from	the	shelf	while	reaching	down	to	the	grass	
on	the	floor	to	“feed	&	forage”.		
	
5.4.4	Advantages	and	limitations	of	the	CAD	method	
As	this	study	has	shown,	there	are	many	advantages	of	using	the	CAD	method	to	
study	behaviour	trends	in	captive	primates.	The	software	is	free	and	easily	available,	
with	many	free	tutorials	online.	It	can	be	used	to	artificially	split	the	enclosure	into	
cubes	to	enable	detailed	study	of	enclosure	usage.	The	model	allowed	the	
identification	of	favoured	supports	in	the	context	of	behaviour	and	positional	
modes.	Further,	this	method	enabled	the	calculation/quantification	of	support	
availability.	Finally,	this	method	enabled	the	determination	of	which	supports	were	
preferred	over	others	by	looking	at	un-used	neighbouring	supports.	This	direct	
comparison	with	used/unused	supports	removed	the	possibility	that	preferred	
supports	were	simply	the	most	common.	Hence	conclusions	can	be	drawn	about	
what	aspects	of	a	support	were	important	to	the	subject	during	specific	
behaviour/positional	modes.	This	information	is	vital	for	studies	that	examine	the	
role	of	habitat	structure	in	locomotion	(Crompton	1980;	Crompton	1984;	McGraw	
1996;	Thorpe	and	Crompton	2006;	Manduell	et	al.	2012;	Blanchard	et	al.	2015)	but	
quantification	of	used	versus	unused	supports	has	always	been	a	challenge	and	
most	studies	resort	to	estimates	of	support	availability	(Crompton	1984;	Britt	1996;	
McGraw	1996;	Warren	1997;	Manduell	et	al.	2012;	Blanchard	et	al.	2015).	Finally	
the	researcher	will	have	access	to	their	study	site’s	architecture	anytime.		
	
As	with	any	method,	there	are	limitations.	Firstly,	the	need	for	data	to	be	collected	
by	video,	leading	to	a	time	consuming	period	of	data	transcription	in	addition	to	the	
initial	data	collection.	Video	is	necessary	to	determine	the	exact	position	of	the	
subject	in	the	enclosure,	impossible	to	achieve	accurately	using	traditional	pen	and	
paper	observations.	The	CAD	model	was	shown	to	have	an	average	of	15%	error	in	
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support	height	and	diameter	when	compared	to	the	far	more	accurate	LiDAR	model.	
This	error	could	be	reduced	to	some	extent	by	having	a	rigorous	training	period	to	
improve	accuracy	of	estimating	dimensions	by	eye.	The	maximum	percentage	error	
arose	from	the	position	of	supports	that	were	very	high	and	had	to	be	estimated.	
According	to	Nilsson	(1996),	in	a	forest	with	an	average	tree	height	of	12.5m,	
heights	measured	and	estimated	from	the	ground	were	underestimated	by	2.1	-	
3.7m.	This	has	implications	on	locomotor	studies		(Blanchard	et	al.	2015;	Britt	1996;	
Crompton	1984;	Manduell	et	al.	2012;	McGraw	1996;	Warren	1997)	conducted	in	
the	wild	that	involve	estimating	and	guessing	support	heights	that	are	relatively	
much	higher	(eg.	>10m).	In	the	future	a	longer	period	of	training	might	be	
considered	to	ensure	more	accurate	estimates	of	height	and	diameter.	Thirdly	it	
would	be	challenging	to	replicate	this	method	in	the	wild.	The	sheer	number	of	
branches	and	the	extreme	heights	of	the	trees	make	it	almost	impossible	to	
accurately	obtain	support	diameters	and	numbers	and	hence	manually	build	a	
model	in	SketchUp.	This	accuracy	of	support	size	and	number	would	be	needed	to	
identify	support	usage	trends	and	calculate	support	density,	respectively.	One	
solution	for	this	would	be	to	use	a	more	accurate,	but	more	expensive,	portable	
laser	scanner	as	a	laser	scanner	would	be	able	to	accurately	capture	support	sizes	
and	numbers	at	the	top	of	the	canopy,	without	human	error.	However	in	captivity,	
the	CAD	method	is	a	very	useful	tool	to	examine	enclosure	usage.	
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Chapter	6:	Conclusions	-	multifactorial	approach	to	improving	captive	
primate	welfare	
	
In	this	chapter	I	1)	summarises	the	findings	and	conclusions	of	each	chapter,	and	
the	implications	resulting	from	Chapters	2	to	5,	2)	provide	an	overall	conclusion	
linking	the	chapters	and	3)	provide	a	one-page	executive	summary	summarising	the	
recommendations	for	captive	care.		
	
6.1	Findings	and	conclusions	of	each	chapter	and	their	implications	
	
In	Chapter	2,	I	compared	behaviour	profiles	of	captive	gorillas	between	two	zoos	
and	with	those	of	gorillas	in	the	wild,	and	examined	the	effects	of	various	forms	of	
enrichment	in	order	to	tease	out	factors	that	contribute	to	differences	in	behaviour	
profiles	and	the	display	of	abnormal	repetitive	behaviour.	Firstly	it	was	found	that	
behaviour	profiles	and	activity	levels	were	influenced	by	different	forms	of	
enrichment	(tool-use	based	enrichment	was	associated	with	reduced	regurgitation	
and	reingestion)	as	well	as	social	group	structure.	Secondly,	the	lack	of	activity	
and	ingestion	in	captive	gorillas	could	be	attributed	to	diet	composition	and	
environmental	complexity.	Thirdly	regurgitation	and	reingestion	(R&R)	in	Zoo	A	
decreased	significantly	after	increases	in	dietary	fibre	levels	and	social	behaviour	
in	individuals	that	were	parent	reared.	However,	thumb	sucking	did	not	decrease	
for	the	hand-reared	individual.	Therefore	this	study	lends	further	evidence	to	the	
potential	of	dietary	fibre	quantity	in	reducing	R&R	and	the	fact	that	different	
abnormal	repetitive	behaviours	have	different	triggers,	all	of	which	are	important	
information	for	zoos	whereby	they	may	be	able	to	improve	welfare	of	their	gorillas.		
	
Another	way	of	improving	captive	animal	welfare	would	be	to	encourage	species-
typical	positional	behaviour	and	support	usage	(Jensvold	et	al.	2001;	Pruetz	and	
McGrew	2001;	Fabregas	et	al.	2011;	Schmidt	2011).	Hence	in	Chapter	3,	I	compared	
positional	behaviour	and	support	usage	preferences	between	two	zoos	and	that	of	
the	wild	to	find	out	what	factors,	in	terms	of	enclosure	design/physical	enrichment,	
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would	be	likely	to	encourage	species-typical	positional	behaviour	and	support	usage	
preferences.	While	there	were	some	similarities	between	wild	and	captive	gorillas,	
the	captive	environment	departed	sufficiently	from	that	of	the	wild	to	elicit	some	
differences	in	positional	behaviour	and	support	usage	profiles.	For	example,	less	
vertical	climbing	and	more	pronograde	locomotion	occurred	in	captivity.	With	the	
more	pronograde	locomotion	being	used	coupled	with	increased	life	expectancy	
this	would	lead	to	long-term	differential	spine	and	joint	loading	(relative	to	other	
locomotor	modes).		This	could	have	potential	implications	like	back	problems	and	
arthritis.	Also	support	orientation	usage	was	mostly	horizontal	in	captivity	but	
vertical	in	the	wild	dataset.	Thus,	to	some	extent,	gorillas	are	not	restricted	in	
terms	of	positional	behaviour	and	support	usage.	However	as	support	usage	
remained	consistent	in	all	three	sites	in	the	wild	despite	differing	habitat	
structures,	this	indicates	that	gorillas	do	have	a	strong	preference	(likely	
stemming	from	musculoskeletal	adaptations)	for	vertical	and	<20cm	supports.	
Recommendations,	based	on	the	differences	between	captive	and	wild	datasets,	
were	made	for	gorilla	enclosure	design	to	encourage	more	species-typical	
locomotor	behaviour	and	support	usage.	This	study	emphasized	the	importance	of	
taking	into	account	locomotor	plasticity	of	gorillas	during	enclosure	design	(Schmidt	
2011)	and	when	using	positional	behaviour	and	support	usage	as	a	welfare	indicator.	
Although	gorillas	can	accommodate	some	habitat	structure	differences,	zoos	must	
strive	to	ensure	that	captive	habitat	structures	do	not	differ	to	an	extent	that	is	
outside	the	range	of	the	locomotor	plasticity	in	gorillas.	This	study	shows	that	
positional	behaviour	and	support	usage	profiles	can	serve	as	an	indicator	of	how	
physical	enrichment	can	be	tailored	to	create	an	environment	similar	to	that	of	the	
wild.	The	combination	of	suitable	feeding	enrichment	(eg.	tool-used	based	
enrichment	or	arboreal	feeding)	and	preferred	supports	types	would	likely	lead	to	
more	time	spent	on	feeding	and	activity	(Zaragoza	et	al.	2011).	This	is	especially	
important	given	the	high	levels	of	inactivity	and	lack	of	time	spent	on	feeding	
compared	to	that	of	the	wild,	as	found	in	chapter	2.	
		
As	positional	behaviour	and	support	usage	preference	is	not	only	affected	by	
habitat	structure	but	restricted,	to	a	certain	extent,	likely	by	musculoskeletal	
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adaptations	as	observed	in	Chapter	3,	I	investigated	how	various	muscles	in	the	
hindlimb	of	a	gorilla	function	as	flexors/extensors.	This	was	achieved	by	building	a	
3D	computer	model	of	a	gorilla	hindlimb,	which	permitted	the	collection	of	moment	
arm	data	of	individual	muscles	across	the	hip,	knee,	ankle	and	foot	joints.	Payne	et	
al.	(2006)	previously	collected	moment	arms	in	gorillas	using	the	tendon	travel	
method.	However	recent	literature	(Young	et	al.	1992;	Michilsens	et	al.	2010;	
Hutchinson	et	al.	2014)	has	shown	that	the	tendon	travel	method,	if	not	strictly	
controlled,	was	not	as	accurate	and	reliable	as	the	3D	modelling	method.	Thus	I	
compared	the	3D	modelling	method	to	the	tendon	travel	method	in	Payne	et	al.	
(2006)	to	find	out	test	how	accurate	and	reliable	the	moment	arms	reported	in	
Payne	et	al.	(2006)	were.	It	was	found	that	the	3D	computer	model	provided	more	
reliable	and	accurate	moment	arm	data	for	irregularly	shaped	muscles	and	
muscles	that	were	not	directly	above	the	joint,	as	compared	to	the	tendon	travel	
method	from	Payne	et	al.	(2006).	To	find	out	if	moment	arms	were	a	good	
predictor	for	locomotor	optimization,	I	investigated	if	the	joint	angle	ranges	used	
during	vertical	climbing,	a	key	locomotor	mode	used	by	wild	gorillas	(Remis	1998),	
coincided	with	higher	moment	arms	that	that	of	bipedal	walking,	a	substantially	less	
common	locomotor	mode	used	by	wild	(Remis	1998),	around	the	hip/knee/ankle.	It	
was	found	that	only	for	hip	flexors	did	joint	angle	ranges	in	climbing	coincide	with	
higher	moment	arms	than	that	of	bipedalism.	Joint	angle	ranges	in	climbing	did	not	
coincide	with	higher	moment	arms	that	that	of	bipedalism	for	hip	extensors,	or	
knee	and	ankle	flexors	and	extensors.	This	indicates	that	except	for	hip	flexors,	
moment	arms	are	not	predictive	for	locomotor	optimization	in	gorillas.	Next	I	
looked	at	moment	arms	of	muscles	about	the	foot	to	find	out	how	gorillas	were	
adapted	to	grasping	and	if	moment	arms	were	predictive	for	support	usage	
preferences.	Moment	arms	around	metatarsophalangeal	joints	1	and	5	did	not	
decrease	during	flexion	(as	one	would	expect	the	muscles	to	get	pushed	towards	
the	joint),	but	remained	high	instead,	indicating	strong	grasping	ability	of	
sufficiently	small	supports	that	require	flexion	of	first	and	fifth	digits	ie.	<20cm	
supports	as	seen	in	Chapter	3.	Finally	interossei	were	also	found	to	be	effective	
flexors,	especially	over	Digit	2.	Interestingly,	this	was	the	first	evidence	for	
interossei	acting	over	interphalangeal	joints.	All	these	factors	contribute	to	the	
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ability	to	carry	out	fine	flexion	movements,	likely	to	be	important	for	grasping,	as	it	
is	known	that	gorillas	are	capable	of	precision	grapsing	(Christel	1993;	Marzke	1997),	
and	manipulating	small	objects	like	food.	This	suggests	that	when	designing	gorilla	
enclosures,	smaller	supports	are	needed,	as	these	are	the	supports	to	which	gorillas	
are	most	anatomically	adapted	to	using	and	indeed	use	most	in	the	wild	(Chapter	3).	
While	large	trees	may	look	most	suitable	to	the	zoo	visitor	for	a	large	bodied	
gorilla,	the	provision	of	multiple	small	arboreal	supports	are	more	likely	to	
encourage	more	locomotion	and	species-typical	support	usage	and	positional	
behaviour.	Again,	this	would	improve	the	welfare	of	the	gorilla	as	activity	is	
encouraged	(Schmidt	2011;	Zaragoza	et	al.	2011).		
	
As	it	was	difficult	to	determine	with	certainty	if	support	preferences	shown	in	
Chapter	3	were	a	result	of	a	prevalence	of	certain	support	types	in	the	environment	
or	a	restriction	from	musculoskeletal	adaptations,	I	developed	a	method	to	quantify	
support	density	and	identify	favoured	supports	while	taking	into	account	any	
influence	from	neighbouring	supports.	A	3D	computer	model	of	a	siamang	
enclosure	was	built	using	SketchUp,	and	validated	with	a	Lidar	scan	model.	Through	
the	CAD	model,	it	was	found	that	“travel”,	“feed	&	forage”	and	“inactivity”	
occurred	mostly	in	areas	with	high	average	support	density.	In	addition,	looking	at	
specific	locomotor	modes,	initial	and	terminal	supports	used	were	affected	by	
support	orientation	and	support	distribution.	Firstly,	the	siamangs	preferred	to	
land	on	horizontal	supports	for	“brachiation”	and	“unimanual	swing	across”	for	
stability,	whereas	they	preferred	to	initiate	“richochetal	brachiation”	on	
horizontal	supports	to	generate	sufficient	propulsive	force	for	the	flight	phase	in	
“rhichochetal	brachiation”.	Secondly,	the	presence	of	evenly	distributed	strong,	
horizontal	logs	along	the	length	of	the	enclosure	at	the	appropriate	height	would	
likely	encourage	“brachiation”	and	“richochetal	brachiation”.	Thirdly,	a	long	
horizontal	support	with	presence	of	nearby	supports	for	forelimb	assistance	would	
be	likely	to	encourage	“bipedal	walk”.	Therefore	the	CAD	model	successfully	
enabled	the	study	of	behaviour	trends,	the	identification	of	favoured	supports	(over	
neighbouring	supports)	in	the	context	of	behaviour	and	positional	modes,	and	the	
calculation/quantification	of	support	availability.	This	information	is	vital	for	zoos	
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when	it	comes	to	drawing	conclusions	for	enclosure	design	to	encourage	specific	
species-typical	behaviour	and	support	usage.		
	
	
6.2	Overall	conclusion	
The	aim	of	this	thesis	was	to	find	out	how	to	improve	the	welfare	of	captive	
western	lowland	gorillas	in	terms	of	encouraging	species-typical	positional	and	non-
positional	behaviour	and	reducing	stereotypical	behaviour	(Chapters	2	and	3).	I	did	
so	by	using	traditional	behavioural	observation	methods	(Chapters	2	and	3),	which	
was	largely	successful	in	teasing	out	the	factors	that	were	associated	with	
encouraging	species	typical	behaviour	(positional	and	non-positional)	and	reducing	
stereotypical	behaviour	(non-positional).	In	order	to	understand	why	certain	trends	
were	seen	with	regards	to	positional	behaviour	and	support	usage,	I	adopted	
modern	approaches	such	as	3D	computer	modelling	to	look	at	what	anatomical	
adaptations	underlay	the	positional	behaviour	and	support	usage	trends	observed	
(Chapter	4)	and	digitizing	an	enclosure	which	allowed	the	study	of	behaviour	
(positional	and	non-positional)	enclosure	usage	trends	and	support	usage	
preferences	in	such	detail	that	has	never	been	achieved	before	(Chapter	5).	
	
Therefore	the	study	of	positional	behaviour	and	support	usage	by	the	combination	
1)	musculoskeletal	studies,	and	2)	identification	of	enclosure	usage	trends	(with	the	
aid	of	a	CAD	model),	complements	traditional	behaviour	studies	in	improving	
captive	primate	welfare.	The	interweaving	threads	in	this	thesis	show	how	and	why	
researchers	should	always	strive	to	achieve	a	holistic	approach	for	the	study	of	
captive	primate	welfare	as	anatomy,	habitat	structure	and	behaviour	are	all	
interlinked.	
	
6.3	Executive	summary	
	
To	reduce	R&R,	a	combination	of	strategies	can	be	employed.	Firstly,	tool-use	based	
enrichment	such	as	log-feeders	and	honey-pots	can	be	used.	Not	only	does	this	
increase	mental	stimulation,	anatomically	gorilla	feet	are	adapted	to	small	flexion	
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movements	and	such	enrichment	would	allow	them	to	display	such	movements.	
Provision	of	browse	and/or	increase	in	fibre	quantity	of	diet	composition	is	also	a	
common	way	to	reduce	R&R.	Encouragement	of	social	behaviour	(perhaps	through	
keeping	gorillas	as	a	family	group	with	juveniles	and	blackback(s))	is	also	
recommended.	However,	different	stereotypical	behaviours	stem	from	different	
reasons	(as	seen	here	between	R&R	and	thumb	sucking)	and	are	likely	to	vary	
between	individuals.	Therefore	I	suggest	that	various	enrichment	methods	be	
tested,	with	time-specific	and	individual-specific	monitoring	of	behaviour	before,	
during	and	after	enrichment.	This	is	because	different	types	of	enrichment	are	likely	
to	have	varying	effects	on	each	individual.	
	
More	vertical	climbing	needs	to	be	encouraged	in	captivity.	This	can	potentially	be	
done	by	making	sure	food	is	available	arboreally	in	patches	and	by	providing	a	
support	environment	that	is	similar	to	that	of	the	wild	(ie.	small,	vertical	supports	
that	can	be	grasped,	medium	sized	(~3m	in	length)	platforms)	to	encourage	species-
typical	support	usage.	While	large	trees	may	look	most	suitable	to	the	zoo	visitor	for	
a	large	bodied	gorilla,	the	provision	of	multiple	small	arboreal	supports	are	more	
likely	to	encourage	more	locomotion	and	species-typical	support	usage	and	
positional	behaviour.	The	combination	of	suitable	feeding	enrichment	(eg.	tool-used	
based	enrichment	or	arboreal	feeding)	and	preferred	supports	types	would	likely	
lead	to	more	vertical	climbing	and	more	time	spent	on	feeding	and	activity.		
		
Building	a	SketchUp	model	of	an	enclosure	can	be	very	useful	for	studying	enclosure	
usage	trends	and	support	usage	preferences	in	detail.	Support	density	can	be	
quantified	accurately	and	I	found	that	to	encourage	usage	of	certain	areas,	perhaps	
support	density	in	that	area	needs	to	be	increased.	The	SketchUp	model	also	
provides	easy	visualisation	of	favoured	areas	and	supports.	I	found	that	feeding	
areas	were	associated	primarily	with	where	they	were	fed	and	large	horizontal	
supports	were	favoured.	In	addition,	I	found	that	a	certain	area	that	was	lacking	in	
strong	horizontal	supports,	resulting	in	the	siamangs	not	being	able	to	use	that	area	
for	brachiation.	Such	information	is	useful	for	zoos	when	it	comes	to	drawing	
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conclusions	for	enclosure	design	to	encourage	specific	species-typical	behaviour	
and	support	usage.		
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